Little is known of the normal seasonal variation in redox state and biotransformation activities in birds. In long-distance migratory birds, in particular, seasonal changes could be expected to occur because of the demands of migration and reproduction. In this study, we measured several redox parameters in the barn swallow (Hirundo rustica L.) during the annual cycle.
Introduction
Environmental monitoring using birds often includes biomarkers related to redox state, which is determined by the balance between oxidants and antioxidants (Beckman and Ames 1998; Finkel and Holbrook 2000; Halliwell and Gutteridge 2007) . If an organism is experiencing oxidative stress (i.e., if the redox state is shifted to the oxidative direction), the formation of various reactive oxygen species (ROS) exceeds the organism's antioxidant defense capacity, first causing disturbances in cellular signaling dependent on ROS and, if more severe, directly damaging biomolecules, such as DNA, proteins, and lipids (Beckman and Ames 1998; Finkel and Holbrook 2000; Valavanidis et al. 2006; Halliwell and Gutteridge 2007; Monaghan et al. 2009 ). The net effect of oxidative stress may be seen in breeding success, life span, activity, and many functional responses, such as the immune response (Costantini 2008) . Because oxidative stress is often associated with increased energy turnover, seasonal variation might occur, especially in long-distance migrating birds (McWilliams et al. 2004; Costantini et al. 2007 ). To assess the oxidative stress caused by chemical exposure, one needs to understand the normal seasonal changes in redox parameters, including relevant enzyme activities (Stohs and Bagchi 1995) .
The enzymes involved in regulating redox balance include glutathione S-transferase (GST), glutathione peroxidase (GP), glutathione reductase (GR), superoxide dismutase (SOD), and catalase (CAT; Halliwell and Gutteridge 2007; Costantini 2008; Monaghan et al. 2009; Koivula and Eeva 2010) . Small antioxidant molecules involved in the regulation of redox balance can be obtained via food, such as carotenoids, flavonoids, and vitamins E and C, or can be produced endogenously, such as glutathione (GSH), which is the major small redox state-regulating molecule (Halliwell and Gutteridge 2007; Costantini 2008; Monaghan et al. 2009 ). Additional important molecules involved in the regulation of redox state are thioredoxins (Nishiyama et al. 2001) , although their presence and induction in birds as a result of redox disturbances have not been studied. The biomarkers used in studies of oxidative stress in birds are discussed in detail in a recent review by Koivula and Eeva (2010) . Oxidative stress is often associated with changes in biotransformation activity (Halliwell and Gutteridge 2007) .
Compounds that activate the aryl hydrocarbon receptor (AhR) and consecutive xenobiotically induced gene expression, including biotransformation enzymes of the cytocrome P450 family, cause the formation of oxygen free radicals (Whyte et al. 2000) . Activation of AhR is often determined using ethoxyresorufin-O-deethylase (EROD) enzyme activity (Lorenzen et al. 1997) .
One shortcoming in the use of redox state biomarkers and biotransformation enzyme activities in environmental studies is the general lack of the knowledge regarding their seasonal variation. Knowledge regarding the function of different antioxidants, their levels in the blood or tissues of birds, and the seasonal variation in antioxidant activity is still scarce. Only a few studies have monitored the changes throughout the whole year (Norte et al. 2008a (Norte et al. , 2008b (Norte et al. , 2009 Cohen et al. 2009 ). The source of variation in the measured parameters is often difficult to ascertain for adult birds because of their unknown exposure to xenobiotics. The parameters used in biomonitoring may also change within the different stages of the life cycle of birds. For example, marked changes occur during nestling development in some hole-nesting insectivorous passerines (Tanhuanpää et al. 1999) . Seasonal physiological processes, such as molt (Franson et al. 2002 ), reproduction (Alonso-Alvarez et al. 2004 Wiersma et al. 2004; Bertrand et al. 2006) , and heavy exercise during migration, cause variation in the redox state of wild and captive birds (Costantini et al. 2007 Larcombe et al. 2008) . Because information on these changes is scarce, we studied the seasonal variation in parameters commonly used to describe redox state and biotransformation activity using a long-distance migratory bird, the barn swallow (Hirundo rustica L.), as a model species.
Material and Methods

Study Area and Data
The free-living adult barn swallows ( ) used in this study n p 94 were captured from roosts during four different seasons in 2007 (table 1) . Barn swallow populations breeding in Sweden, Finland, the Baltic countries, or farther east most likely winter in the eastern parts of South Africa, such as the Johannesburg area (Szep et al. 2006 (Szep et al. , 2007 Ambrosini et al. 2009 ). Ringing recoveries of the Finnish barn swallows in eastern South Africa also verify this; altogether, 38 (49%) of 78 Finnish barn swallows recovered in Africa were recovered in eastern South Africa, and 11 of these were recovered from the area close to Johannesburg (data obtained from the Finnish Ringing Centre). We captured the wintering barn swallows before spring migration in Potchefstroom, South Africa (26Њ42 S, 27Њ06 E; ∼100 km from Johannesburg). Barn swallows that were arriving in spring, breeding in summer, and migrating in autumn were captured from the common roosts in Petteby, Finland (60Њ17 N, 22Њ11 E). We chose the dates of seasonal captures carefully on the basis of the well-documented phenology of Finnish barn swallows (Finnish Ringing Centre). Because we did not capture birds from the nests, we could not determine the exact breeding status of summer birds. On the basis of testis size (measured in mm), we can assume that the barn swallows were in a breeding phase. Most barn swallows arrive in Finland in the first or second week of May and lay their eggs (first brood) in the beginning of June (in 2007, laying started in 85 of 404 nests before May 24; calculated according to Saino et al. 2004 ). The mean hatching day of the first brood was June 19 (data not shown). Barn swallows breeding the second time usually start during the end of June (in 2007, the mean hatching day of the second brood was July 29; data not shown). By the end of August, most adult barn swallows are ready for migration, and no visual signs of breeding (e.g., incubation patch and cloacal protuberance) can be found.
We measured the individuals for maximum wing length (Svensson 1992) , longest and shortest tail feathers, fat score (ranging from 0 [no subcutaneous fat] to 8 [fat layer covers the ventral side completely]; Kaiser 1993), and body mass (measured to the nearest 0.1 g with a spring balance). In addition to determining the age of the barn swallows, we determined their sex (75 males and 19 females) according to Jenni and Winkler (1994) and Svensson (1992) . We then killed the barn swallows by cervical dislocation and pressed the trachea with the thumb to make sure of a quick death. Barn swallow carcasses were dissected, and liver samples were collected and immediately frozen in liquid nitrogen. The remainder of each carcass was frozen (initially at Ϫ5ЊC; carcasses were subsequently maintained at Ϫ20ЊC) for further analyses. Sex of the barn swallows was confirmed by examining the gonads. We used residual mass (deviations from linear regression of body mass on wing length) and fat score as measures of energetic condition in the following analyses. The residual mass also takes into account nonlipid energy sources, such as muscles, and is therefore a more general measure of condition than is fat score (Long and Holberton 2004) .
Barn swallows molt completely in the winter quarters. After the molt of tail feathers in Africa, determining the age of barn swallows on the basis of plumage characteristics is impossible. Because their molt is slow (duration, 121-185 d) , compared with that of most small passerines, barn swallows may start the spring migration while still molting (Jenni and Winkler 1994) . We checked the molt stage in wing (primaries and secondaries) and tail feathers of 25 African barn swallows. We used the primary score of wintering individuals (ranging from 0 for old feather to 5 for new feather, summed over nine developed primaries and thus ranging from 0 to 45; Ginn and Melville 1983) . With the help of the primary score and the known minimum duration of the molt (121 d; Ginn and Melville 1983) , we calculated the minimum number of days each individual still needed to finish the molt (completion of molt p (45 Ϫ primary score)/(45/121)). Duration of primary molt can be used as a proxy for total molt duration, because it usually extends over the entire molt period (Jenni and Winkler 1994) .
Because the molting of primaries at the tip of the wing was incomplete, we needed to estimate the final wing length of wintering barn swallows to calculate the size-independent residual mass used in the analyses. The final wing length was estimated on the basis of fully grown wing feathers of spring barn swallows ( ). First, we measured the wing length n p 24 up to the newly molted, already complete primaries (fifth through eighth). Then, using the mean values of length differences between each of the primaries of spring barn swallows, we estimated the missing length of the molting wing and added the estimate to the measured length to obtain the final wing length.
The experiments that we performed comply with the current laws of Finland and South Africa. The licences for animal experiments were granted by the Southwest Finland Regional Environment Centre (LOS-2006-L-416-254 and LOS-2007-L-22-254) , the Central Animal Laboratory of the University of Turku (1661/06), and the South African Department of Agriculture, Conservation, Environment and Tourism (000377NW-06 and 000054NW-07).
Sample Processing
Frozen liver pieces were crushed in liquid nitrogen with a mortar and pestle. Thereafter, a piece of liver (approximately cm) was homogenized in 600 mL of cold 0.1 M 0.5 # 0.5 K 2 HPO 4 plus 0.15 M KCl buffer (pH 7.4) using TissueLyser (Qiagen), 30 s
Ϫ1
. A 100-mL portion of the homogenate was pipetted into an Eppendorf tube that contained 10 mL of 33 mM 1-methyl-2-vinylpyridinium-trifluoromethanesulfonate (Sigma Chemicals) in 0.1 M HCl, for the determination of oxidized glutathione (GSSG). A 50-mL proportion of homogenate was pipetted in an Eppendorf tube for the determination of reduced GSH level. Both tubes were frozen immediately in liquid nitrogen and stored at Ϫ80ЊC until measurements were determined. The rest of the homogenate was centrifuged for 15 min at 10,000 g (ϩ4ЊC). The supernatant was divided into aliquots, frozen in liquid nitrogen, and stored at Ϫ80ЊC.
Determination of Enzyme Activities and Small-Molecule Levels
The parameters were measured in triplicate (intra-assay coefficient of variability [CV] !10% in all cases) using 96-well and 384-well microplates, which in most cases required reducing reagent volumes, compared with volumes recommended in the method instructions. Because we used three control samples in every plate, we were able to correct the interassay precision (CV, 4%-35%) with the ratio specific to the particular plate (range, 0.8-1.2). The levels of GR, GP, GST, and CAT activity were measured with Sigma kits (Sigma Chemicals). CAT activity of summer birds was below the detection limit of the method and therefore could not be measured. The GP activity was measured using 2 mM H 2 O 2 as the substrate. The inhibition rate of SOD was measured using a Fluka kit (Fluka). The ratio between reduced and oxidized glutathione (GSH/GSSG ratio) and the total glutathione content (including both the reduced and oxidized forms of glutathione; totGSH) were measured using an OxisResearch kit (OxisResearch). Glucose-6-phosphate dehydrogenase (G6PDH) activity was measured according to Noltmann et al. (1961) , and the EROD activity was measured according to Burke and Mayer (1974) . Lipid hydroperoxides (LHPs) were measured using the FOX2 method, modified from Nourooz-Zadeh et al. (1995) and Bou et al. (2008) , using cumene hydroperoxide as a standard (Sigma Chemicals). The protein content was determined with the Bradford method (Bradford 1976) using BioRad protein assay reagent (BioRad) with bovine serum albumin (Sigma Chemicals) as a standard. All of the measurements were performed with an Envision plate reader (Perkin-Elmer) except for protein content determinations, which were performed with a Victor 1 plate reader (Perkin-Elmer).
Statistical Methods
We analyzed all data using generalized linear models (GLMs) with the GLIMMIX procedure of SAS, version 9.2 (SAS 2008) and principal component analysis (PCA) with Predictive Analytics Software statistics 18.0. Response variables GST and GR distributed normally (checked from the model residuals). For the nonnormally distributed data we used lognormal distribution (EROD, totGSH, GSH/GSSG ratio, LHP, SOD, CAT, GP, and G6PDH). We calculated 95% confidence intervals (CIs) to establish bounds for the true effect (Steidl and Thomas 2001) .
First, we used GLMs to analyze the seasonal variation in enzyme activity of EROD, GST, totGSH, GSH/GSSG ratio, LHP, SOD, CAT, GP, GR, G6PDH, and protein content. Pairwise comparisons adjusted for the number of tests were made from estimated marginal means (EMMs) with the Tukey-Kramer test. Second, we used PCA to discriminate the patterns of variation in the measured variables. PCA was performed using all individual enzyme activities (except for CAT) and other molecule levels, residual mass, and fat score as input variables (no ro- h ! 0.3 tested the relationship between different body condition variables and the biomarkers separately for each season. Sex, residual mass, fat score, gonad size (mm), and completion of molt (for wintering birds only) were used as explanatory variables in the models. Because spring and summer birds were mainly males, and because sex was not associated with the measured parameters in winter or autumn birds (only the GR activity in the autumn group differed between females and males; 5.72 mmol Ϫ1 min Ϫ1 mg vs. 4.93 mmol Ϫ1 min Ϫ1 mg), we did not separate sexes in any of the subsequent analyses.
Results
All the measured biotransformation and redox state parameters showed statistical differences among seasons (table 2; figs. 1, 2). Biotransformation activity, as given by EROD and GST activities, is elevated among wintering barn swallows, compared with other groups (fig. 1A, 1B ). An increase in the totGSH and a decrease in the GSH/GSSG ratio in wintering birds indicate that they are experiencing oxidative stress ( fig. 1C, 1D ). These birds also showed a tendency toward having the highest LHP levels ( fig. 1E ), indicating the damage done by ROS, although LHP levels in the winter group were not statistically significantly different from those in the spring and summer groups. The SOD inhibition rates and CAT activities were highest in the winter group and lower in the spring (for SOD inhibition rate and CAT activity) and summer (for SOD inhibition rate only) groups ( fig. 2A, 2B ). GP activity was lowest in the autumn birds ( fig. 2C ), which possibly explains the high GSH/GSSG ratio among those birds ( fig. 1D ). The levels of GR and G6PDH activity were elevated in winter and autumn birds ( fig. 2D, 2E ). Three components showing the eigenvalue 11 together accounted for 57% of the variation (table 3). Component 1 (PC1) showed positive loadings by the parameters totGSH, GST, EROD, LHP, and SOD and negative loadings with residual mass. Component 2 (PC2) was positively related to the parameters G6PDH, GR, and GSH/GSSG ratio and was negatively related to parameter GP. Fat score was positively related to component 3 (PC3; table 3). The first two principal components (PC1 and PC2) together indicate increased biotransformation activity and oxidative stress in winter quarters, reduced biotransformation activity but intermediate oxidative stress during the breeding period, and reduced biotransformation activity and oxidative stress in autumn ( fig. 3) .
The residual mass of spring barn swallows was negatively associated with LHP and GR (table 4). Residual mass of wintering birds was positively associated with G6PDH (table 4). The fat score of barn swallows in summer was positively associated with GR and G6PDH (table 4). The size of male testis (mm) in summer was positively associated with totGSH and GSH/GSSG ratio (table 4; fig. 4A, 4B ). In wintering barn swallows, the completion of molt was positively associated with GST and LHP (table 4; fig. 5A , 5B).
Discussion
The parameters describing biotransformation activity and redox state differed significantly among seasons. Values were especially high in winter barn swallows but were also elevated in autumn barn swallows (i.e., before spring and autumn migrations). Values for birds that had recently arrived to their breeding grounds resembled values for birds captured during the breeding period. EROD and GST activities of barn swallows were highest in winter. A possible explanation for high GST levels may be the energy-demanding, active molt in wintering barn swallows. This is suggested by the fact that birds with nearly completed molt had lower GST activities than did those in a more active molting phase. GST can also be used in metabolizing organic hydroperoxides, such as LHP (levels were also high in actively molting birds), which is important in renewing of feathers (Hayes et al. 2005; Halliwell and Gutteridge 2007 ). An alternative explanation would be that toxic compounds increasing biotransformation activity, such as polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), dioxin-like compounds or their metabolites, may be present in the environment of wintering areas. Earlier studies have found increased EROD activity in tree swallows and wrens after exposure to PAHs (Bishop et al. 1999; Custer et al. 2001) as well as in nestlings of barn swallows and black guillemots after exposure to PCBs (Kuzyk et al. 2003; Custer et al. 2006) . Wintering barn swallows in South Africa were captured along a river that runs through rural areas with intensive agricultural Note. Loadings highlighted in bold represent the highest absolute value of the parameter when considering different PCs. EROD p ethoxyresorufin-Odeethylase; GP, glutathione peroxidase; GR p glutathione reductase; GSH p reduced glutathione; GSSG p oxidized glutathione; GST p glutathione Stransferase; G6PDH p glucose-6-phosphate dehydrogenase; LHP p lipid hydroperoxide; SOD p superoxide dismutase; totGSH p total glutathione content (including both reduced and oxidized forms). Figure 3 . Two first principal components (PCs) of measured liver biotransformation and oxidative stress markers (total glutathione content, including reduced and oxidized forms; glutathione S-transferase, ethoxyresorufin-O-deethylase, lipid hydroperoxide, superoxide dismutase, glucose-6-phosphate dehydrogenase, glutathione reductase, ratio between reduced and oxidized form of glutathione, and glutathione peroxidase) and condition measures (residual mass and fat score) in barn swallows, by season. Wintering barn swallows had high oxidative damage and high biotransformation enzyme activities, spring and summer birds had low biotransformation activity and intermediate oxidative damage, and autumn birds had low biotransformation activity and oxidative stress but high redox enzyme activities. The PC loadings are shown in table 3.
activities as well as sources of municipal waste. In addition, upriver is an area with several gold mines. It is also reported that the PCB content of the air is higher in South Africa than in Europe (Pozo et al. 2006) . It is therefore possible that the birds captured in South Africa were exposed to higher levels of toxicants than were the birds captured in Finland. In future studies, it would be important to measure the levels of organic pollutants.
The intensive biotransformation metabolism of wintering birds is one likely reason for them to have experienced oxidative stress. The low GSH/GSSG ratio and high GSH and LHP levels of wintering barn swallows support this notion. Increased GR and G6PDH activities of winter and autumn birds appear to be mainly associated with preparation for migration or with increasing fat reserves in general. The latter enzyme is involved in nicotinamide adenine dinucleotide/reduced form of nicotinamide adenine dinucleotide cycling in the pentose phosphate pathway, providing reducing power for GR. Increased activities or changed levels of all these biomarkers are associated with oxidative stress (Halliwell and Gutteridge 2007) . With regard to totGSH, an increase (Alonso- Alvarez et al. 2008) , no change (Rattner et al. 2000; Hilscherova et al. 2003) , and a decrease (Costantini and Bonadonna 2010) in oxidative stresses have been reported, indicating that it is not a suitable parameter for demonstrating the occurrence of oxidative conditions.
On the basis of the present results, it is difficult to suggest a role for GP activity changes in life-history traits, such as preparation for migration. However, its low activity, together with the elevated GR activity, explains the high GSH/GSSG ratio in autumn birds. One possibility is that the increased GSH/ GSSG ratio is related to the hyperphagy of premigratory birds. Before the migration flight, birds are fuelling mainly with fats (McWilliams et al. 2004) , and high caloric intake is known to cause oxidative conditions (Halliwell and Gutteridge 2007) , which can be effectively handled if a high GSH/GSSG ratio is maintained. Another possibility is that the increased GSH/ GSSG ratio is in anticipation of the need to tolerate oxidative stress in the wintering grounds. If this is the case, the finding suggests that the oxidative conditions in the wintering grounds are not caused by human-induced pollution, because one would not expect genetic adaptation to occur in so few generations. In studies involving great tits (Norte et al. 2009 ), the GP activities were higher during winter than during other seasons, which would fit our observations. In barn swallows, GP levels were also high in spring and summer birds, compared with levels in autumn birds. The pattern of GP activity may, however, be species specific and differ between migratory and sedentary birds. In winter, great tits have to deal with cold weather and Note. GR p glutathione reductase; GSH p reduced glutathione; GSSG p oxidized glutathione; GST p glutathione Stransferase; G6PDH p glucose-6-phosphate dehydrogenase; LHP p lipid hydroperoxides; num df p numerator degrees of freedom; totGSH p total glutathione content (including both reduced and oxidized forms). short days. Norte et al. (2008a) hypothesized that the metabolism of great tits is slower during cold weather. Regardless of the reason, increased biotransformation activity can cause ROS levels to increase (Schlezinger et al. 2006) , as was the case with wintering barn swallows. High SOD and CAT activities of winter birds may also be related to the biotransformation of toxic compounds. Both enzymes are particularly important in ROS regulation, and the low activities of SOD in spring and summer birds could suggest differences in redox signaling between breeding and migratory birds.
Reproduction does not seem to change the redox state in summer birds, compared with that in birds that have not yet started reproducing (spring birds), although one should recall that we could not determine the exact breeding status of summer birds. One possible reason for this is that reproduction of barn swallows is not energetically so costly (relative to available resources) that it would generate any imbalances. Another possibility is that some (spring) birds may have recovered from migration and prepared for reproduction in May, when they were captured, because they had been in Finland for 2-3 wk already. Notably, most studies of exercise and oxidative stress have been performed with captive birds unaccustomed to longdistance flights Larcombe et al. 2010) , which makes comparisons with our findings difficult. Marked sex differences have been observed with reproduction-induced oxidative conditions (Alonso-Alvarez et al. 2004; Wiersma et al. 2004; Bertrand et al. 2006 ). This may be associated with marked differences in energy gain and allocation between sexes. Because our spring and summer groups consisted mostly of males, we cannot compare the sex effect during the breeding period. Testosterone elevated oxidative stress in zebra finch (Alonso-Alvarez et al. 2007 ) and red-legged partridge (AlonsoAlvarez et al. 2008 ). In our study, the males with larger testis had higher totGSH and GSH/GSSG ratio than did males with smaller testis, indicating a greater reduction in redox status. Testis size was negatively related to the capture date; for birds captured late in the summer, the size of the testis was smaller. The size of the testis is not necessarily related to testosterone production (Moore et al. 2002) , but larger testis size suggests that sperm production is effective (Møller 1988 ). This could indicate that males with more reducing power to cope against ROS might have better reproduction success than their conspecifics with lower GSH/GSSG ratio.
In a study by Franson et al. (2002) , molt increased the activity of GR and GP, compared with the activity in nonmolting birds. In our study, we found no elevation in GR or GP activity in molting birds during winter. However, overall, both GR and GP activities in wintering birds were high. GR activity of winter birds, again, might be more related to preparation for migration than to molt, because the autumn birds had values that were similar to those for the winter birds. GST and LHP, which were both associated with the completion of molt, are metabolically connected. GST can metabolize organic hydroperoxides by using reduced glutathione (Hayes et al. 2005; Halliwell and Gutteridge 2007) . One hypothesis for the relationship between molt, GST, and LHP is that, during feather growth, LHP is formed and GST metabolizes it. However, Jenni-Eiermann and Jenni (1996) did not find an association between lipid metabolites and molting in a comparison of postbreeding, migrating, and molting birds. Redox parameters of birds differed between winter, spring and summer, and autumn groups. Biotransformation activity and indications of oxidative stress were high in winter birds, whereas most of the redox enzymes were on an intermediate level. The spring and summer birds were profiled with low levels of redox enzyme and biotransformation activity and exhibited intermediate oxidative stress. In the autumn, barn swallows had very little biotransformation activity, and they seemed to have low oxidative stress even though some of the redox enzymes (SOD, GR, and G6PDH) were highly active. It can be assumed that low enzyme activity and intermediate oxidative stress are associated with preparation for breeding or breeding itself, whereas high activity of some enzymes is associated with energetic preparation for migration.
In environmental monitoring, it is important to be aware of the annual cycles and to take them into account in sampling for physiological parameters. Also, studying the reasons behind these changes helps us to understand the mechanisms of redox regulation. To be able to generalize the results of the seasonal changes in redox parameters across birds, more bird species should be studied, because factors such as migratory behavior (resident-migratory) or the developmental stage of the organism may affect the response. The best way to detect and study oxidative stress is to use several different biomarkers, because the interaction between various antioxidants is very important in the overall level of defense (Monaghan et al. 2009 ). In the case of the barn swallow, the knowledge of exposure to contaminants in the wintering grounds in South Africa would help in interpreting which changes are normal seasonal fluctuations and which are caused by xenobiotic biotransformation (Pozo et al. 2006) .
